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Abstract 
Determining the failure criteria and the level of damage in bur-
ied pipelines is an important and significant issue and differ-
ent researchers have studied continuous and segmented steel 
and concrete pipes. To calculate the failure criterion of Glass 
Reinforced Polymer (GRP) pipes, first the pipe was tested and 
the force-displacement diagram of the pipe was drawn up until 
the failure time. Then, the tested specimen was modelled using 
finite element software and the lab test results were verified 
quite accurately. Based on this, by the finite element modeling 
of GRP pipe with different diameters under bending, the pipe’s 
failure criterion was calculated. Afterwards, straight GRP 
pipes with different diameters were subjected to landslide and 
earthquake wave propagation in different clay and sandy soils. 
The results of finite element analyses in eight different types of 
soil show the vulnerability of the GRP pipes. 
Keywords 
Buried GRP Pipelines, Nonlinear Finite Element Analysis, 
Failure Criterion, Earthquake Wave Propagation, Landslide
1 Introduction
The importance of lifelines is in the fact that the survival 
of communities in critical situations and thereafter strictly 
depends upon them. Thus, damage to these systems after earth-
quakes offers a lot of trouble in crisis management and rescue 
operations. The trait which separates a buried pipeline from 
other structures is that one of its dimensions is very long com-
pared to its other dimensions. This characteristic means that the 
buried pipeline crosses a vast geographical terrain and can face 
numerous seismic hazards and different soil specifications.
Investigating the effects of actual earthquakes on buried 
pipeline networks is mostly performed by calculating the dam-
age functions which provide the number of failures per unit 
area versus the peak ground velocity or acceleration. These 
damage functions are empirical and based on the data recorded 
from previous earthquakes, calculate the extent of damage in 
the pipeline systems. Eguchi et al [1], for the first time, sepa-
rated the failure of the pipelines against the permanent ground 
deformation and earthquake wave propagation. O’Rourke and 
Ayala [2] acquired the fragility curves against peak ground 
velocity for different concrete, cast iron and asbestos pipes 
based on the existing responses from four earthquakes occurred 
in the United States and two earthquakes in Mexico. Chen et al. 
[3] carried out studies regarding the damage degree caused by 
the Chi Chi earthquake on water and gas pipes in Taiwan and 
presented a set of damage functions.
Shih and Chang [4] evaluated the damages inflicted on water 
pipelines system caused by Taiwan’s Chi Chi earthquake. They 
reported that earthquake wave propagation and permanent 
ground deformations contributed to the failures in buried pipe-
lines by 48 and 52 percent, respectively. Damage functions can 
only present a general estimation of the damage in a network 
and cannot calculate failure levels, their locations or the net-
work’s lack of functionality. Thus, researchers have paid spe-
cial attention to numerical and analytical methods. 
Newmark and Rosenblueth [5] studied the response of bur-
ied pipelines subjected to earthquake. They assumed the defor-
mation of the pipe to be similar to that of the ground and also 
ignored the relative displacement between the pipe and the soil. 
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Wang et al [6] improved the previous work. They considered 
pipelines as semi-rigid components with limited axial stiffness 
and obtained the pipes’ maximum strain.
Other methods were put forward by Shah and Chu [7], 
Takada [8], Wang et al [9] and O’Rourke et al [10] with each of 
those employing corrective assumptions regarding the original 
work done by Newmark and Rosenblueth [5]. O’Rourke and 
Elhmadi [11] assessed the effects of seismic wave propagation 
on continuous buried pipelines. By assuming a bilinear behav-
ior for the soil, they obtained the differential equation of the 
axial vibration of the pipe. They disregarded the axial inertia 
of the pipe and assumed the wave propagation to be sinusoidal. 
Ultimately, they calculated the maximum strain of the pipe and 
showed that the required strain for the slippage between the 
pipe and the soil is lesser than the failure strain of the pipe. 
Thus, the occurrence of slippage between the pipe and the soil 
in the developed axial failures in the pipes is inevitable.
The efforts of Newmark and Hall [12] to model and ana-
lyze the behavior of buried pipelines against the movements 
of faults can be recognized as the first suitable research in that 
regard. They considered the deformation of the pipe to be axial, 
defined the movement of the fault in a plane and assumed the 
soil mass as two moveable rigid bodies on the sides of the fault. 
Kennedy et al [13] investigated the static response of the buried 
pipeline subjected to the movement of a strike slip fault. They 
neglected the bending stiffness of the pipe and considered it 
as a cable. Wang and Yeh [14] studied the response of the bur-
ied pipeline at the location of a strike slip fault having taken 
into account the bending strength of the pipe. Chio et al [15] 
meliorated the model recommended by Wang and Yeh [14]. To 
resolve the shortcoming of the previous model, they considered 
a variable curvature for the pipe. 
It has to be acknowledged that while being efficient, all the 
aforementioned analytical works are incapable of reflecting a 
thorough outline of the pipe’s response. Therefore, researchers 
have paid additional attention to numerical models. 
Datta and his colleagues [16,17] investigated the dynamic 
behavior of the buried pipeline in the state of plane strain. They 
modelled the pipe as an infinite, thin, isotropic, homogeneous, 
and elastic shell. It was assumed that the soil was a circular 
trench with the pipe being in its center.
Takada et al [18] noted that the behavior of buried pipelines 
resembles to that of a shell. According to this and by utiliz-
ing the finite element method, they assessed the effect of fault 
movements on buried pipelines. They proposed a new method 
to calculate the maximum strain in a pipe by taking into account 
the deformation of the cross section of the pipe caused by fault 
movements. 
Liu et al [19] presented an equivalent spring to model the 
boundary conditions of the pipe using the shell model in a fault. 
The work of Liu et al was to decrease the length of the pipe and 
replace the removed parts with equivalent springs.
Calvetti and Claudio [20] investigated the interaction 
between the pipe and soil using a small-scale test and numeri-
cal modelling method. Guo and Stolle [21] studied the effect 
of the experimental model scale on the results of the pipe-soil 
interaction. Babu and Rao [22] calculated the reliability of the 
flexible buried pipe under gravity loads. 
Rofooei and Qorbani [23] carried out a study on the seis-
mic behavior of buried pipes under wave propagation. In their 
work, the both ends of the pipe were considered fixed and it 
was modelled using beam elements and the pipe’s interaction 
with the soil was accounted by using nonlinear springs in three 
perpendicular directions.
Hosseini and Tahamouli [24] carried out analyzes on buried 
straight steel pipelines subjected to earthquake wave propaga-
tion and presented the concept of minimum effective length 
based on a numerical model. They showed that the higher 
modes of the pipe play a significant role in the response of these 
pipes when subjected to earthquake wave propagation. Taham-
ouli and Hosseini [25] examined the reliability of buried steel 
pipeline networks under earthquake wave propagation. It was 
concluded by them that the reliability of the pipeline network 
for peak ground displacement of 1.5 meters is above 80%. 
Tahamouli et al [26] numerically assessed the interaction 
between sandy soil and the polyethylene pipe at the location of 
a strike-slip fault. They showed that the equations given in the 
ASCE guideline for modelling soil’s equivalent springs are, in 
some cases, exceedingly conservative. Hosseini and Tahamouli 
[27] presented a new criterion for the occurrence of local buck-
ling in buried steel pipelines. In addition to providing an ana-
lytical equation for the minimum effective length of the pipe, 
they also presented that the buried continuous straight steel 
pipes will not reach the boundary of local buckling even under 
strong earthquakes.
Yun and Kang [28] investigated the vulnerability of high 
pressure buried pipeline under landslide effects. They calcu-
lated failure probability and reliability index of the pipeline by 
using first order second moment reliability method. The results 
showed the vulnerability of the buried gas pipelines. Luo et al. 
[29] were analyzed buried polyethylene pipe subjected to seis-
mic landslide by finite element model. The numerical simula-
tion results showed that ovalization of pipe cross sectional area 
is the main failure mode of buried polyethylene pipe subjected 
to landslide effect.
As it was seen, extensive amount of research has been done 
in the field of buried pipelines. In the recent years, the use of 
GRP pipes has risen drastically, especially in water supplying 
systems. But no comprehensive research has been performed 
with regards to the failure criteria and the damage level of these 
pipes under seismic hazards. In this paper, to calculate the fail-
ure criterion of the GRP pipe, a specimen of the pipe was tested 
in the lab in accordance with the ASTM D2412 guidelines 
and the force-displacement diagram of the pipe was obtained 
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up until the collapse moment. Then, the tested specimen was 
modelled by the ABAQUS software and the experimental 
results were verified with considerably high accuracy and also 
the maximum stress of the pipe at the moment of failure was 
achieved. On this basis, by the finite element modelling of GRP 
pipes with different diameters under bending, the failure crite-
rion of the pipe was calculated in terms of the maximum strain. 
Afterwards, GRP pipes with different diameters were subjected 
to land slide and earthquake wave propagation in different 
types of clay and sandy soils. The results of several nonlinear 
finite element analyzes in eight different soils show the vulner-
ability of GRP pipes.
2 Testing the GRP Pipe Based on the ASTM D2412 
Guidelines
The test was performed on a pipe with the diameter, length 
and thickness equal to 400, 410 and 7.41 mm, respectively. The 
test was done in the technical lab of Behrad Doroud Lorestan 
Company which manufactures GRP pipes. As it is illustrated in 
Fig. 1, the pipe was subjected to a displacement perpendicular 
to the axis of the pipe with the velocity of 0.0125 meters per 
second and the force-displacement values were recorded until 
the collapse of the pipe. 
The obtained results from the test are presented in Fig. 2. 
The behavior of the GRP pipe is brittle and thus it justifies the 
rather linear diagram in Fig. 2. Due to the unknown location at 
which the pipe fails, the stress of the failure moment was not 
recorded in the lab.
Fig. 1 The GRP pipe under loading in lab of Behrad Doroud Lorestan
Fig. 2 The pipe’s force-displacement diagram obtained from the test
3 Finite Element Modelling of the Experimental Test
Table 1 shows the complete specifications of the tested GRP 
pipe. The pipe was simulated as a 3D model using “shell” ele-
ments in a finite element software. The bottom of the pipe was 
assumed to be fixed and the upper part of the pipe was displaced 
downward with the same loading velocity in the lab. The behav-
ior of the material was considered linear but geometric nonline-
arity was assumed in the analysis. Fig. 3 demonstrates the pipe’s 
final deformed shape in the finite element model.








Fig. 3 The boundary conditions and deformed shape of the pipe after loading
Fig. 4 compares the final results of the finite element model 
with the experimental results. The results have a very good 
agreement; therefore the maximum tensile stress at the moment 
of failure can be derived from the finite element model. Based 
on this, the maximum tensile stress of the pipe was obtained 
equal to 165 MPa. The actual loading condition applied to the 
buried pipeline by the soil is similar to that carried out in the 
lab. The majority of the load exerted on the pipe due to settle-
ment or land slide is the bending load which causes curvature 
and ovalization in the pipe and eventually results in its failure.
It is clear that it’s not possible for long pipes to be modelled 
using shell elements. The model that is shown in Fig. 5 and has 
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been employed in this study is a 2D or 3D model in which the 
pipe and the pipe-soil interaction are modelled using beam ele-
ments and equivalent bilinear springs, respectively. 
It is evident that the obtained stresses and strains from the 
model that employs beam elements differs from those obtained 
from the model which uses shell elements. That’s because the 
pipe’s cross section is not properly accounted for in the model 
that utilizes beam elements. Therefore, the pipe’s failure crite-
rion in the next section is calculated based on the strain of the 
beam element model.
Fig. 4 Comparing finite element and laboratory test results
Fig. 5 The common analytical or numerical buried pipe model
4 Determining the Failure Criterion of the GRP Pipe
In this section, a pipe with the diameters of 300, 400 to 1000 
millimetres and the length of 12.5 m was subjected to pure 
bending (rotation at both ends). The pipe was modelled using 
shell elements, the specifications of the GRP pipe were chosen 
identical to those mentioned in the previous section and also 
geometrical nonlinearity was assumed in the analysis. At both 
ends, the circumference of the pipe is constrained to the center 
of the pipe and the loading was applied in a rotational control 
manner. The loading was continued until the pipe’s maximum 
tensile stress reached 165 MPa. Fig. 6 depicts a sample of the 
carried out loading. 
Fig. 6 The 12.5 meter pipe model under pure bending
The moment at which the pipe’s stress reached the failure 
limit was recorded and the same loading was also performed 
for the pipes modelled with beam elements. The strain in the 
model with beam elements was recorded right at the moment 
when the stress in the model with shell elements reached the 
failure limit. Table 2 demonstrates the acquired results for all 
the pipes. In this table, t and R are the pipe’s thickness and 
radius, respectively, and the third column of the table is the 
pipe’s strain at the moment of failure in the model with beam 
elements. Thereupon, the failure criterion of the GRP pipe can 
be expressed as follows:
Table 2 Failure in pipes with different diameters
R (m) t (m) εr (Beam Element) t/R εr/(t/R)
1.56E-01 4.60E-03 1.21E-02 2.95E-02 4.34E-01
2.07E-01 6.00E-03 1.18E-02 2.90E-02 4.06E-01
2.57E-01 7.30E-03 1.25E-02 2.84E-02 4.42E-01
3.04E-01 8.60E-03 1.22E-02 2.83E-02 4.30E-01
3.55E-01 9.80E-03 1.13E-02 2.76E-02 4.11E-01
4.05E-01 1.12E-02 1.04E-02 2.76E-02 3.75E-01
4.56E-01 1.26E-02 1.02E-02 2.77E-02 3.69E-01
5.06E-01 1.38E-02 1.01E-02 2.73E-02 3.71E-01
After calculating the failure criterion of the GRP pipe, the 
pipe with different diameters and in different soil types was sub-
jected to earthquake wave propagation and land slide and was 
analyzed in order to evaluate the level of damage laid upon it.
5 Specifications of the Finite Element Model 
Employed For Analyzing the Buried Straight GRP 
Pipe
For the finite element analysis of the buried GRP pipe, 
the model shown in Fig. 5 has been used. I.e. the pipe was 
modelled utilizing beam elements and the length of the pipe 
was considered in such a way that it satisfied the criteria of 
the minimum effective length concept [27]. The length of the 
pipe was assumed long enough so that the support conditions at 
both ends of the pipe don’t affect the results in the pipe’s mid-
span. The mesh size of the model was verified for both wave 
propagation and land slide cases. The pipe-soil interaction was 
accounted for based on the bilinear equivalent springs given by 
ASCE Technical Council on Lifeline Earthquake Engineering 
(TCLEE) [30]. The actual behavior of the soil and its simplified 
bilinear behavior is drawn in Fig. 7.
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Fig. 7 The actual and simplified behavior of pipe-soil interaction according to 
ASCE specifications
The behavior of soil’s longitudinal and transverse-horizon-
tal springs will be symmetrically considered in both directions. 
The stiffness of these springs depends on parameters such as 
the type of the soil, the soil’s density, the diameter and the bur-
ial depth of the pipe, the internal friction coefficient in the sand 
and etc. In these diagrams, the parameters t, p and q are the 
maximum interactional force between the soil and the pipe in 
the longitudinal, transverse horizontal and vertical directions, 
respectively. x, y and z are the corresponding displacements at 
the moment of yield.
Undoubtedly, the soil’s characteristics critically affect the 
response of the pipe. The stiffness of the pipe-soil interaction 
equivalent springs and even the velocity and the predominant 
dynamic period of the transitive wave passing through the soil 
depend on the soil’s characteristics. To take into account dif-
ferent types of soils and to investigate their influence on the 
response of the pipe, four types of soil have been considered 
for each type of sand and clay [24, 27]. Type I and type IV are 
respectively the densest and the loosest types of soil. The speci-
fications of all types of soil are presented in Tables 3 and 4. 












In these tables f, g, k, k0, Su, T, Vs, and l are the internal fric-
tion coefficient of sand in terms of degrees, the soil’s density in 
terms of N/m3, friction reduction coefficient of the pipe and the 
soil, lateral soil pressure at rest, the undrained shear strength of 
the unconfined soil in terms of N/m2, the soil’s dynamic period 
in terms of seconds, shear wave velocity in the soil in terms of 
m/s and the wave length in terms of meters, respectively.
6 Investigating the Damage Imposed Upon 
the Buried GRP Pipe under Earthquake Wave 
Propagation
The earthquake’s wave propagation in soil is so that the dis-
placement records, apart from having phase difference, differ 
from one another in frequency content as well. In this research, 
the difference in the frequency content has been neglected and 
only the records’ time delay caused by the velocity of the wave 
has been taken into consideration. Therefore, the bases of the 
soil’s equivalent springs were excited with a wave velocity 
dependent time delay. 
The GRP pipe with three different diameters of 300, 600 and 
1000 millimetres was subjected to the “Kobe” and “Chi Chi” 
earthquakes’ displacement records in two types of dense and 
loose (Types I and IV) for both clay and sandy soils. A total of 24 
time history nonlinear dynamic analyzes with the large deforma-
tion assumption were carried out. Fig. 8 depicts the displacement 
record of the considered earthquakes with respect to time.
Fig. 8 The displacement records of Kobe and Chi Chi earthquakes
In this case, the finite element model was assumed two 
dimensional and the earthquake record was transverse-hori-
zontally applied to the pipe and also the strain of the midpoint 
of the pipe was calculated with respect to time. Fig. 9, as an 
example, shows the response of the GRP pipe with the diameter 
of 300 millimetres to the Kobe earthquake in sand type IV. The 
maximum strain of the midpoint of the pipe was 0.02209 and 
according to Table 2, it causes the pipe to fail. 
The results of 24 time-history nonlinear dynamic analyzes 
are given in Table 5. The last column of the table signifies the 
occurrence or nonoccurrence of failure in the pipe. It can be 
said that failure in the buried straight GRP pipe with different 
diameters is quite probable when being under the influence of 
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an average or strong earthquake’s wave propagation, whereas 
in the buried continuous steel pipe, wave propagation almost 
doesn’t possess the capability to cause local buckling and bring 
about any kind of danger [27]. 
Fig. 9 Time-history of the strain at the mid-point of the pipe with the diameter 
of 300 mms in sand type IV under the Kobe earthquake record



















































By carefully observing Table 5 it can be concluded that:
By increasing the density of the soil, the maximum strain 
developed in the pipe decreases. In the pipe with the diameter 
of 300 millimetres, the maximum strain was produced in the 
loose sandy soil. In the pipe with the diameter of 600 millime-
tres, the maximum strain was produced in the soft clay soil. In 
the pipe with the diameter of 1000 millimetres, the maximum 
strains were almost the same in both soft clay and loose sand. 
By increasing the diameter of the pipe from 300 to 600 mil-
limetres, the maximum strain increases also. But this increase 
is not seen when the diameter of the pipe changes from 600 to 
1000 mm. 
7 Assessing the Damage Inflicted on the Buried GRP 
Pipe Subjected to Landslide Effect
To investigate the effect of landslide on the buried GRP 
pipe, the ground’s movement pattern was considered as [31]:
In which δ and W are the maximum displacement and the 
width of the landslide, respectively. Fig. 10 illustrates an exam-
ple of the landslide pattern. Pipes with different diameters and 
in different types of sandy and clay soils were subjected to 
landslide with a cosinusoidal pattern. The displacements were 
applied to the base of the soil’s equivalent springs at the mid-
span of the pipeline according to Eq. (2). 
Fig. 10 The cosinusoidal pattern for the landslide
Previous studies reveal that the maximum strain developed 
in the pipe is due to the landslide with the length of about 30 
meters and also the maximum strains in pipes are constant for 
landslides with the lateral displacement of more than 1.5 meters 
[31]. Thus, in the analyzes performed in this section, the length 
(W) and the maximum lateral displacement (δ) of the landslide 
were considered equal to 30 and 3 meters, respectively. 64 non-
linear analyzes were carried out and the maximum strain of the 
pipe for each case was obtained. Results show that failure has 
occurred in all pipes with different diameters in each of 8 types 
of soil. For every pipe, the least required value of δ correspond-
ing to the failure moment was calculated. The results for the 
sandy soil are presented in Tables 6 and 7 and the results for 
clay soil are given in Tables 8 and 9.
y x x
W
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Table 6 The maximum axial strain of the GRP pipe in sandy soil under the 










Table 7 The minimum δ corresponding to the failure moment  










Table 8 The maximum axial strain of the GRP pipe in clay soil under the 










Table 9 The minimum δ corresponding to the failure moment  










From investigating Tables 6 and 7 it can be concluded that:
• With the diameter of the pipe increasing in different 
types of sand, first the pipe’s maximum strain increases 
but for the very large pipes the strain decreases again. 
• For smaller pipes by increasing the sand’s density, the 
strain developed in the pipe increases but for larger 
pipes the strain decreases. 
• By increasing the diameter of the pipe, a smaller δ is 
needed for the pipe to arrive at the failure limit.
• By increasing the density of sand, a smaller δ is required 
for the pipe to reach the failure limit.
• The displacement required for the GRP pipe to fail 
when subjected to landslide in sandy soil is between 0.8 
and 2.3 meters. 
From investigating Tables 8 and 9 it can be concluded that:
• With the diameter of the pipe increasing in stiff clay, the 
pipe’s maximum strain increases but for soft clay vice 
versa holds. 
• With the density of clay increasing, the maximum strain 
of the pipe increases.
• By increasing the diameter of the pipe, a smaller δ is 
needed for the pipe to arrive at the failure limit.
• By increasing the density of clay, a smaller δ is required 
for the pipe to reach the failure limit.
• The displacement required for the GRP pipe to fail 
when subjected to landslide in clay soil is between 0.8 
and 1.8 meters. 
Compared to clay soil, a higher displacement is needed for 
the GRP pipe buried in sandy soil to arrive at the failure limit.
8 Conclusions
In this paper, to calculate the failure criterion of the GRP 
pipe, a specimen of the pipe was subjected to loading in the 
lab in accordance with the ASTM-D2412 guideline and the 
pipe’s Force-Displacement diagram was obtained up to the 
failure moment. Then, by modelling the GRP pipe with differ-
ent diameters in a finite element software, the failure criterion 
was calculated based on the maximum strain. Thereafter, the 
GRP pipe with different diameters was subjected to landslide 
and earthquake wave propagation in different types of sandy 
and clay soils. The results show that it’s very probable for the 
buried straight GRP pipe with different diameters to fail when 
subjected to an average or strong earthquake’s wave propaga-
tion. With the density of the soil increasing, the pipe’s maxi-
mum strain developed due to wave propagation attenuates. The 
displacement with which the GRP pipes fail when subjected to 
landslide is between 0.8 to 2.3 meters in sandy soil and between 
0.8 to 1.8 meters in clay soil. By increasing the diameter of the 
pipe and the density of the soil, the GRP pipe reaches the fail-
ure limit faster when it’s subjected to landslide. 
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